Introduction: Optimal glycemic control in cardiac surgery patients remains a laudable but confusing practice. Existing studies have primarily employed two maintenance strategies using either intensive insulin therapy (IIT) (maintain glucose < 120 mg/dl) or conventional insulin therapy (CIT) (<200 mg/dl) with conflicting outcomes. This meta-analysis evaluates the impact of IIT and CIT in regards to the incidence of mortality, length of stay (LOS), intensive care unit ( IIT targeting blood sugar levels of 80 -120 mg/dl have no effect on perioperative outcomes in cardiac surgery patients. IIT is associated with similar mortality, ICU LOS, hospital LOS, AF rates, and deep sternal infection rates compared to more liberal glycemic strategies. IIT should not replace CIT as the standard of care in cardiac surgery patients.
Introduction
Hyperglycemia is a common occurrence in postoperative cardiac surgery patients and has been associated with detrimental clinical outcomes [1] . Several studies have documented that many patients undergoing coronary artery bypass grafting (CABG) often have blood glucose levels (BGLs) > 200 mg/dL despite no history of diabetes [2] - [5] . The consequences of elevated BGLs in cardiac surgery patients has been linked to increased mortality, higher rates of wound infections, and longer hospital stays [3] [4] . In an effort to optimize glycemic control in intensive care unit (ICU) patients, the American Diabetes Association (ADA) and the American Association of Clinical Endocrinologists (AACE) have recommended BGLs in the range of 140 -180 mg/dL to balance the adverse effects of hyperglycemia and hypoglycemia [5] .
Hyperglycemia, defined as a BGL of >100 mg/dL, is a normal occurrence in the post-prandial period. Persistent BGLs > 125 mg/dL for more than two hours after a meal is considered abnormal [5] . In the post-surgical period, hyperglycemia is not limited to those who have pre-existing insulin resistance or diabetes. Emotional and physical stresses experienced by surgical patients can cause "stress hyperglycemia" which is defined by the ADA and AACE as persistent BGLs > 140 mg/dL and a HbA1C of < 6.5% to rule out pre-existing diabetes [5] .
Stress hyperglycemia is mediated by several hormones which affect glucose metabolism. Epinephrine increases gluconeogenesis in the liver and inhibits insulin secretion by the pancreas. Cortisol also increases hepatic gluconeogenesis while simultaneously increasing muscle catabolism to make more substrates for gluconeogenesis. Tumor Necrosis Factor Alpha (TNF-α) directly reduces insulin sensitivity of cells by disrupting insulin receptor signaling. The combined effects of these stress hormones are thought to contribute to insulin resistance and consequently stress hyperglycemia. Insulin resistance also increases the concentration of free fatty acids (FFAs) in circulation which promote oxidative damage, disrupt the myocardial membrane, and inhibit glycolysis preventing cellular respiration in the ischemic conditions common to cardiac surgery [6] .
Extensive research into stress hyperglycemia published by Van den Berghe et al. (2001) ,documented that surgical intensive care unit (SICU) patients experienced improved clinical outcomes, specifically related to morbidity and mortality, when the BGLs were maintained between 80 -110 mg/dL [7] . Van den Berghe et al. (2006) subsequently reported no difference in mortality in IIT and CIT with an ICU population of surgical and nonsurgical patients [8] . The normoglycemia in Intensive Care Evaluation and Surviving Using Glucose Algorithm Regulation (NICE SUGAR) trial raised further suspicion about the efficacy of IIT by demonstrating a 2.6% increase in mortality in the IIT group [9] . One explanation for this increase in mortality was a lack of parenteral nutrition [9] . IIT's effect on mortality and morbidity in cardiac patients has remained controversial due to the conflicting outcomes of these studies. A previous systemic review by Haga et al. (2011) reported lower mortality and morbidity with IIT (defined as BGL 100 -200 mg/dL), compared to CIT (BLG 180 -250 mg/dL) [10] . This meta-analysis sought to further clarify whether BGLs below CIT would decrease mortality and morbidity specifically in cardiac surgery patients.
Materials and Methods

Study Selection
A literature search of all English published randomized control trials (RCTs) comparing IIT and CIT in postoperative cardiac surgery patients was conducted with PubMed, Google Scholar, Cochrane Central Registry of Controlled Trials . Additional citations were searched using references retrieved from prior publications. The last search was conducted on May 20th, 2016. Keywords used were all relevant combinations of "insulin", "bypass", "coronary", "CABG", "glucose", "artery", "cardiac", and "surgery" utilizing search operators "AND" or "OR" equivalents. Inclusion criteria consisted of RCTs with a target BGL of 80 -120 mg/dL in the IIT group, a target BGL of <200 mg/dL in the control group, and reported mortality. The search strategy utilized conformed to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) standards [11] .
Data Extraction
Articles obtained from the above searches were reviewed for eligibility (Figure 1) . Information regarding patients, intervention and control groups, as well as study methodology was extracted. The primary clinical outcomes of interest were mortality, ICU length of stay (LOS), and hospital LOS. Secondary outcomes were incidence of a trial fibrillation and deep sternal infection.
Statistical Analysis
For each study, relative risks (RR) with a 95% confidence interval (CI) were calculated for the incidence of mortality, infection, and atrial fibrillation. Differences in means (MD) with a 95% CI were calculated for ICU LOS, and hospital LOS. Meta-analysis of the pooled data was completed using Comparative Meta-Analysis software Version 3 (CMA v.3) (Biostat, Englewood, NJ, USA). A "0.5" continuity correction factor was applied to studies with an incidence of zero events to calculate the variance and RR. Both fixed-effects and random-effects models were considered, depending on the heterogeneity of the included studies. Heterogeneity between studies was assessed using both Cochrane's Q statistic and I 2 statistic and p < 0.05 or I 2 > 50 was utilized as a cut-off for determining statistical significance. If there was significant heterogeneity, analysis was completed with a random-effects model whereas a fixed-effects model was used when there was no significant heterogeneity. For all outcomes, publication bias was assessed qualitatively with a funnel plot, as well as quantitatively with both Egger's and Begg's tests. For all statistical analysis, a two-tailed p-value of <0.05 was deemed statistically significant. A subgroup analysis comparing patients with and without diabetes was conducted.
Results
Demographic Characteristics of the Studies
8 RCTs involving 3541 patients met the inclusion criteria ( Table 1) . There were 1701 patients in the IIT group with a target BGL of 80 -120 mg/dL, and 1840 patients in the CIT group with a target BGL of <200 mg/dL. 
Effects of IIT on the Incidence of Mortality
Overall mortality was reported in eight studies with 1701 patients in the IIT group and 1840 in the CIT group (Figure 2) . There was no significant heterogeneity between trials (p = 0.249, I 2 = 25.9) and a fixed effects model was used. There was no significant difference in mortality between the IIT group versus the CIT group (RR = 0.905, 95% CI = 0.604 to 1.356; p = 0.628).
Subgroup analysis identified no significant difference in mortality between IIT and CIT among diabetic (RR = 1.505, 95% CI = 0.788 to 2.878; p = 0.216) and non-diabetic patients (RR = 0.631, 95% CI = 0.368 to 1.081; p = 0.094). There was no significant heterogeneity observed between groups (p = 0.319).
Effects of IIT on ICU LOS
ICU LOS was reported in five trials involving 1237 patients in the IIT group and 1363 patients in the CIT group (Figure 3) . A random effects model was used since there was significant heterogeneity between trials (p < 0.001, 
Effects of IIT on Hospital LOS
Hospital LOS was reported in four trials involving 1227 patients in the IIT group and 1353 patients in the CIT group (Figure 4) . There was significant heterogeneity between studies (p < 0.001, I 2 = 92.9), and a random effects model was used. Meta-analysis revealed no difference in mean hospital LOS (MD = 0.269 days, 95% CI = −2.158 to 2.696; p = 0.828).
Subgroup analysis identified no significant difference in hospital LOS with the use of IIT among either diabetic (MD = −1.110 days, 95% CI = −2.228 to 0.008; p = 0.052) or non-diabetic patients (MD = 0.759, 95% CI = −2.435 to 3.953; p = 0.641). There was no significant heterogeneity observed between groups (p = 0.279).
Effects of IIT on Deep Sternal Infection
Deep sternal wound infections were reported in three trials involving 316 patients in the IIT group and 326 patients in the CIT group (Figure 5) . There was no significant heterogeneity between trials (p = 0.441, I 2 < 0.001), and a fixed effects model was used. Meta-analysis revealed no significant difference in infection (RR=0.985, 95% CI = 0.357 to 2.720; p = 0.977).
Effects of IIT on Atrial Fibrillation
Atrial fibrillation was reported in three studies involving 316 patients in the IIT group and 326 patients in the CIT group (Figure 6 ). There was no significant heterogeneity between trials (p = 0.898, I
2 < 0.001), and a fixed effects model was used. Meta-analysis revealed no significant difference in the risk of atrial fibrillation between IIT or CIT (RR = 0.887, 95% CI = 0.681 to 1.155; p = 0.375). 
Publication Bias
Publication bias among the studies was completed first with a funnel plot. In addition, Egger's and Begg's tests were calculated to determine publication bias. There was no evidence of asymmetry on the funnel plots. In addition, there was no evidence of publication bias for the primary outcome of mortality observed by the Eggers (p = 0.440) or Begg's test (p = 0.807).
Discussion
Post-operative hyperglycemia in cardiac surgery patients is associated with increased mortality, infection, and length of stay [1] . With up to 80% of cardiac surgery patients experiencing hyperglycemia, methods to decrease associated complications are necessary [2] . Current guidelines by the Society of Thoracic Surgeons recommend maintaining BGLs below 200 mg/dL with a target range of 140-180 mg/dL to reduce hypoglycemia [3] . This meta-analysis sought to determine whether IIT could further reduce postoperative mortality and morbidity experienced by cardiac surgery patients.
The results of this meta-analysis demonstrated no significant difference in mortality, ICU LOS, hospital LOS, infection, or atrial fibrillation rates among post-cardiac surgery patients treated with IIT. Furthermore, subgroup analysis identified no significant difference in morbidity and mortality among patients with or without diabetes.
In addition to hyperglycemia, several other factors have been linked to increased mortality in cardiac surgery patients, including prolonged aortic cross clamp time, low left ventricular ejection fraction (LVEF), arrhythmias including atrial fibrillation, inotrope use, and renal failure [12] - [14] . LVEF < 30% has also been associated with increased mortality independent of cross clamp times [15] . Prevention of hyperglycemia has been independently linked to a reduction in risk factors associated with mortality [10] . While this study finds no difference between IIT and CIT, several studies have suggested IIT is safe and optimizing its usage may decrease mortality and morbidity [16] .
IIT has been reported to be linked to increased mortality, presumably secondary to hypoglycemia [9] . Whether iatrogenic hypoglycemia, as experienced by IIT patients, is a major risk factor for mortality is debatable [17] . Hypoglycemia can be subdivided into iatrogenic and spontaneous causes which are difficult to distinguish in a clinical setting [17] . Several studies have observed that spontaneous hypoglycemia, rather than iatrogenic, is a more significant predictor of mortality [17] - [20] . Arabi et al. reported that IIT was associated with increased risk of hypoglycemia (OR = 50.65; p < 0.001) but no difference in mortality (p = 0.40) [17] . A cohort of 2538 cardiac surgery patients studied by Stamou et al. also yielded no difference in mortality in IIT patients with hypoglycemic episodes (p = 0.11) [18] . Furthermore, Boucai et al. reported that iatrogenic hypoglycemia after initiation of anti-hyperglycemic medication, such as insulin, was not associated with mortality (HR = 1.06; p = 0.749), while spontaneous hypoglycemia significantly increased mortality (HR = 2.62; p < 0.001) [19] . Similarly, in a cohort study of 7820 acute myocardial infarction patients by Kosiborod et al., spontaneous hypoglycemia among patients who were not treated with insulin was a stronger predictor of mortality (OR = 2.32) compared to those treated with insulin and experiencing iatrogenic hypoglycemia (OR = 0.92) [20] . These studies demon-strate iatrogenic hypoglycemia, as experienced in a critical care setting, is not associated with mortality to the same extent as spontaneous hypoglycemia.
Reducing glycemic variability, a measure of how much BGLs fluctuate, has also been linked to lower mortality. Meyfroidt Krinsley et al. (2013) also observed an increase in mortality when glycemic variability, defined as a coefficient of variation > 20%, was present (9.2% vs 36.7%; p< 0.001) [16] . While the most optimal IIT range remains uncertain, reduced glycemic variability has been consistently shown to decrease mortality.
Patients with diabetes have also been reported to benefit from IIT. Van den Berghe et al. (2006) reported no increase in mortality when diabetic ICU patients were managed with IIT [8] . However, in a study involving cardiac surgery patients, Lazar et al. (2004) reported no difference in mortality with the use of IIT targeting BGL < 140 mg/dL, but did demonstrate reduced atrial fibrillation rates, LOS, and a 2-year survival advantage [22] . Krinsley et al. (2013) observed reduced mortality in diabetics (OR = 0.93; p = 0.003) regardless of BGL range [16] . These authors also noted that diabetics had lower mortality with a BGL of 110-140 mg/dL versus 80-110 mg/dL (12.6% vs 15.3%; p< 0.001) [16] .
The duration of IIT may also be a factor in its effectiveness. Van [7] . Mortality was also significantly lower in IIT patients with ICU stays > 5 days (10.2% vs. 20.2%; p = 0.005), but no benefit in either mortality or morbidity was observed among patients with ICU stays < 5 days [7] . In a later study, Van den Berghe et al. (2006) also reported decreased morbidity and mortality (52.5% vs. 43.0%; p = 0.009) in a mixed medical/surgical ICU population with ICU stays > 3 days, but no difference in ICU stays < 3 days [8] . Furnary et al. (2006) further observed that reduction in the 3-day average blood glucose after CABG in diabetic patients was associated with lower mortality [23] . These studies suggest a duration of 3 days for IIT to be effective.
The benefit of IIT in cardiac surgery patients may be due to insulin's anti-inflammatory properties. Inflammatory markers such as interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-alpha), and C-reactive protein (CRP) are elevated in the post-cardiac surgery period [24] . All three are implicated in insulin resistance, which promotes hyperglycemia, further increasing inflammation in a positive feedback loop [25] . Insulin may break this loop by preventing hyperglycemia [25] .
Despite no observed reduction in patient morbidity and mortality, IIT has been reported to reduce inflammation and post-operative complications [24] - [27] . Atrial fibrillation has been linked to inflammation through elevated CRP levels by both Bruins et [32] . These studies together support the role of IIT in ameliorating complications after cardiac surgery.
There are limitations to this study due to variation and heterogeneity of the RCTs. Protocols for the management of blood glucose varied between studies. Blood glucose was measured at different intervals and using different methods. In addition, exclusively intra-operative use of IIT was explored by some studies. Additional studies to determine the optimal protocol for reducing glycemic variability and hypoglycemia with appropriate duration of IIT are required. Methods by which this may be achieved are the use of an artificial pancreas, supplemental nutrition, and continuing IIT for a minimum of 3 days' duration.
Despite the limitations discussed, this study identified no significant difference in patient outcomes including mortality, ICU LOS, hospital LOS, atrial fibrillation or infection with the use of IIT compared to CIT in cardiac surgery patients. Given the large number of cardiac surgery procedures performed worldwide, the cost of prolonged ICU stays, and the absence of benefit to patients, IIT should not be the preferred method for the management of glycemic control in cardiac surgery patients.
